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Abstract
This thesis describes the investigation of compatibilized and uncompatibilized
blends of Poly(vinylidene fluoride) (PVDF) and Poly(ethylene oxide) (PEO). Poly(vinyl
acetate) (PVAc) was used a compatibilizer for the system. Modeling of crystallization
exotherms, high-temperature phase behavior and partitioning of the components in the
above blend systems are considered in detail. Only blends having PVDF as the
continuous phase are studied.
The crystallization behavior as observed by differential scanning calorimetry
(DSC) of PVDF seemed unchanged upon blending with PEO for both compatibilized and
uncompatibilized systems. However, PEO showed a significant depression in its
crystallization temperature when blended with PVDF. As the concentration of PEO
increased above 10%, two distinct crystallization peaks were observed. Optical
microscopy revealed that at lower concentrations, PEO, is segregated into domains that
are -10 micron in diameter. These domains nucleate at very low temperatures, yet grow
nearly instantaneously once nucleated. As the concentration of PEO increases,
somewhere between 10 to 20 wt %, larger PEO domains of about 100 micron size are
formed that crystallize at a temperature close to that of pure PEO. High temperature
optical microscopy images suggested that PEO and PVDF are incompatible in the molten
state.
The studies on PVDF/PEO/PVAc blends performed by using DSC and HATR-
FTIR revealed that PVAc acts as a diluent for the PEO phase. There was no appreciable
change in the crystallization behavior of PVDF. The compatibilizer increased the degree
of supercooling for PEO crystallization and made the domain size distribution for the
PEO domains more or less uniform.
A model based on modifying the Avrami equation to handle samples of finite
thickness was developed. The model was shown to work well for DSC exotherms of pure
PEO. The present model does neither takes into account finite domain size of the
crystallizing element nor the domain size distribution of the discontinuous phase. Further
investigations regarding the domain size distribution and modifications in the existing
model to account for domain size must be undertaken to obtain a good fit between actual
data and model predictions.
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This thesis describes the investigation of compatibilized and non-compatibilized
blends of Poly(vinylidene fluoride) (PVDF) and Poly(ethylene oxide) (PEO). Modeling
of crystallization exotherms, high-temperature phase behavior and the partitioning of the
components at the interface in the above blend systems are considered in detail. Only
blends having PVDF as the continuous phase were studied.
1.2 PEO Overview
PEO is one of the polymers that have been extensively studied with regards to
miscibility with other polymers and its crystallization behavior. The PEO crystal is
monoclinic with chains in a 7/2 helical conformation. It has a crystalline density of 1.229
g/cc. The unit cell parameters are1:
|a| = 0.805nm, |b| = 1.304nm
(~ 2 |a| sin(3), |c| = 1.948nm and (3 = 125.4.
It is soluble in a variety of solvents and is highly hygroscopic. The solubility parameter
for PEO is 19.9 +/- 2 (MPa)1/2. The thermal stability and melting temperatures
(determined by differential scanning calorimetric (DSC) analysis) of chain folded crystals
have already been established. Buckley and
Kovacs2
derived an empirical equation
relating melting temperature,
surface free energy and lamellar thickness. The discussion/
explanation of these thermodynamic parameters shall be deferred until chapter 2.
Mandelkern et.al studied the morphology of PEO for
different molecular weights




g/mol. Their studies indicate that spherulites are
formed at






Figure 1.1 Morphological map ofPEO
fractions crystallized isothermally and
non-
isothermally.
changes to hedrites (seen as concentrically
stacked platelets under the microscope) at low
molecular weights and low undercoolings via an
intermediate state for which no precise
morphological assignment could be made. Also at very high
molecular weights
(>105
g/mol) and at very
high supercooling (below 0C) no discernible
structure could be
seen.3
The above diagram, taken from the same reference,
shows the morphological map for
PEO. The dotted line indicates the limit
of isothermal crystallization. The temperature
axis refers to the temperature of
the isothermal quench bath to which the samples were
transferred immediately after heating above
their melt temperature. Hence, at lower
temperatures cooling rate
rather than the temperature of the bath would influence the
morphology of the sample. The critical entanglement molecular weight for PEO is 3300
g/mol.2
PEO is commercially available as low molecular weight (MW) fractions in the critical
range of 1,000 to 20,000 g/mol with narrow MW distributions. The mode of
crystallization changes from extended-chain to folded-chain (within the time-scale of
laboratory experiments) within this molecular weight range.




some disagreement with this, the value of 74.2C has been also
used.4
The heat of fusion
usually accepted for this polymer is 242.8 J/cc.
Blends of PEO with Polyolefins, Polyvinyl acetate), Polyvinyl alcohol),
Poly(vinyl pyrrolidone), unsaturated polyesters, Poly(ether sulphone), Polystyrene,
Polycarbonate, Poly(vinyl chloride), Poly(ether ether ketone), Poly(aniline),
Polyacrylates, Poly(propylene oxide) have been
studied.1
However, there was no
reference on studies of PEO and PVDF blends.
1.3 PVDF Overview
Owing to its important pyro and piezoelectric properties, PVDF has been widely
studied since 1970. It is known to exist in four crystalline forms a (monoclinic), (3
(orthorhombic, piezoelectric phase), y (monoclinic) and 8 or 0Cp. The Opis a polar analog
of the a form. The apolar a phase predominates the crystallization from the melt below
160C. The oriented (3 phase is normally obtained by the drawing of a films at
temperatures between 70 and 100C. The unoriented (3 phase may be obtained by
crystallizing from dimethylformamide
or dimethyl acetamide solutions at temperatures
below 70C. Higher temperatures result in a mixture of a and (3 phases, with the a
fraction increasing with and increase of temperature. The polar y phase may be obtained
both from solution and melt crystallization at temperatures above 160C or by annealing
a phase samples between 175 and 185C. The 5 or Op form may be obtained by
polarizing the a phase by the application of high electric fields. Table 1.1 gives the unit
cell parameters and the densities of the various PVDF polymorphs :
Polymorph |a| (A) |b| (A) |c| (A) P() Density (g/cc)
a (Monoclinic) 4.96 9.64 4.62 90 1.925
(3 (Orthorhombic) 8.58 4.91 2.56 90 1.972
Y (Monoclinic) 4.96 9.58 9.23 92.9
1.942
8 (Tetragonal) 14.52 14.52 14.40 90 1.073
Table 1.1: Unit cell parameters and crystalline densitiesforpolymorphs ofPVDF.
Melt crystallization of PVDF yields two types of spherulites. The first consists of
large, highly birefringent, and tightly banded spherulites of the a-form. These are seen at
all temperatures. The second type, referred to as a mixed form, crystallizes with a unit
cell that appears to be correct for the y-form, but may contain a-form inclusions. It is
seen only at relatively high
temperatures and frequently exhibits inegular or disorganized
birefringent and morphological features (often referred to as ringed spherulites). In thin
films, some mixed spherulites contain regions of single-crystal-like aggregates. These are
grown parallel to the substrate and appear birefringent between crossed-polars. Mixed
spherulites frequently undergo transformations at their growth fronts leading to the
initiation of a-growth.
Thermal analysis (DSC) coupled with FTIR and optical microscopy gives an in-
depth understanding of solid-state
phase transitions that take place during crystallization
from the melt at various
temperatures.6
According to the study carried out by A. J.
Lovinger, samples crystallized at 160C for 24 hours showed three endotherms with
peaks at approximately 169, 177 and 185C. The lower temperature endotherm is
associated with the melting of ringed spherulites that crystallize at 160C in the a phase
and then undergo transformation into the y phase. Optical microscopy reveals that these
spherulites lose birefringence between 171 and 175C. The endotherm with a maximum
at 177C is related to the melting of non-ringed spherulites composed predominantly of
the y phase, that lose birefringence between 180 and 184C. Finally the high temperature
endotherm at 185C is likely to be associated with the melting of ringed spherulites
regions composed of the y phase, originating from an a to y transformation. Birefringence
for these structures is lost only between 188 and 193C. As the isothermal crystallization
time is increased, the 185C endotherm increases at the expense of that of 169C,
showing that the y phase in the ringed spherulites is formed by the a to y transformation.
These transformations are associated with high growth rates for a-spherulites that
may exceed those of their mixed counterparts by almost 7 fold. However, with increasing
temperature this difference in growth rates is progressively reduced and ultimately
reversed at 167
C.7
It is interesting to note that the same crystalline phase may exhibit
two distinct melting temperatures. The y phase crystallized from the melt has a melting
temperature about 8C lower than that formed from the solid-state a-to-y transformation.
This occurs because the transformation takes place during an annealing process and the
crystals so formed are presumed to be more organized than those directly crystallized in
the y phase. The reason why
the a phase spherulites are ringed and the predominantly y
phase ones are not is still not known. On the practical side, y phase is unimportant as its
growth rate is slow and it is usually not observed during a typical heating/cooling cycle.
The equilibrium melting point for the a-form is 178C and its heat of fusion is
5.96 kJ/mol. The product of surface energies (oae) for the co-crystals and the pure
components along with their crystallization rates have already been established.
PVDF is soluble in a number of polar solvents such as dimethylformamide,
dimethyl acetamide, chloroform, acetone and cyclohexanone. It has a solubility
parameter of 23.2 (MPa)1/2. A literature review revealed that blends of PVDF with high
density polyethylene, Poly(trifluoro ethylene), Poly(l,4 butylene adipate), Poly(methyl
methacrylate), Polyaniline, Polyvinyl acetate), Polystyrene, Polyamides and Poly(vinyl
chloride) have been studied. The present work focuses on blends of PVDF with PEO,
using Poly(vinyl acetate) as a compatibilizer.
Chapter 2
Crystallization Kinetics: Theory and Modifications
2.1 Nucleation Theory
Review8
Consider the crystallization of a material from the melt. The thermodynamics of the
process can be described by
AGm = AHm-TASm (2)
Where AGm is the free enthalpy of crystallization and AHm and ASm are the enthalpy and
entropy of crystallization. Equation (2) applies to the overall macroscopic transformation.
Crystallization becomes possible as soon as AGm becomes negative. For the phase
transition to follow equation (2), crystals grown on cooling to Tm would have to be
distributed uniformly throughout the volume. At this point AGm is zero. In contrast,
polymer melts and solutions crystallize at a lower temperature, Tc. AT= Tm - Tc is
referred to as the degree of supercooling. In addition, crystals grow from a nucleus rather
than generate uniformly throughout the random phase. Any embryonic crystal is small
with a large specific surface area (cm2/g). The free energy of the crystal can be written as
Gcryslal=Gbulk+.ZyA (3)
Where Gbuik is the free energy of the bulk crystal, without surface effects represented by
the product of the specific surface free energy, y, and the conesponding surface area, A.
The free energy of crystallization becomes
AGC =AGf + XyA. (4)
With AG/ representing the bulk free energy of fusion. In equations (3) and (4) the sum has
to be extended over all the surfaces, which in general have different specific surface free
energies. For temperatures below Tm, where AG/ is negative, AGC exhibits a maximum
value or activation energy. This initial process of growth crystal from an amorphous state
is called primary nucleation, and can be represented schematically as follows
Critical nucleus
Figure: 2.1 Schematic representation of the change in free energy AGC as a function of
crystal size illustrating the nucleation process.
The larger the size of the nucleus, the longer will be the time needed for the
nucleation process. Primary nucleation is called homogeneous nucleation if no preformed
nuclei or foreign surfaces are present. Frequently a foreign surface reduces the nucleus
size needed for crystal growth since the creation of the interface between polymer crystal
and substrate requires less energy than the creation of the corresponding free polymer
crystal surface. The resulting enhanced process is called heterogeneous nucleation.
Primary nucleation is called self-nucleation if it is mediated by polymer crystals that are
chemically identical to the crystallizing polymer, yet have survived a prior dissolution or
melting step. It is clear from equation (4) that any progress of crystallization that
increases the crystal surface has a more positive free energy of crystallization AGC. If a
polymer surface acts as a nucleation site then the resulting nucleation is called secondary
nucleation. Similarly, tertiary nucleation can be defined as the initial step to start a new
row of crystal growth at an edge of a polymer crystal.
Gibbs developed the classical concept of crystal nucleation. It is based on the
assumption that fluctuations in a supercooled phase can overcome the nucleation barrier
caused by creating surface on a growing crystal. At constant temperature and pressure,
the probability that a nucleus will be larger than the critical size is proportional to the
Boltzmann factor exp
(-AG*/kT)8 AG*
stands for free enthalpy of crystallization of a
nucleus of critical size. The rate of nucleation has been derived using the absolute
reaction rate
theory9
and is given by
I* = (NkT/h)exr,[-(AG*+AGri)/kT] (5)
The rate of nucleation /
* (given in nuclei/s) is the number of uncrystallized elements TV
able to participate in nucleation through a single step of frequency kT/h. The second term
in the exponent, AG, represents the free energy of activation, that governs the short
distance diffusion of the crystallizing element across the phase boundary. Its temperature
dependence is expected to be similar to that of viscosity. At high temperatures AG is
almost constant; at low temperatures it increases rapidly as the glass transition
temperature is approached. The pre-exponential factor represents the approximate
transmission coefficient for the crystallizing element. It has units of frequency and its
temperature dependence is negligible as compared to the exponential terms in equation
(5). Figure 2.2 illustrates the general shape of /* as a function of temperature.
Temperature (C) ?
Figure 2.2: Nucleation rate asfunction of temperature
2.2 Growth Rate Theory
2.2.1 Secondary Nucleation
It is empirically evident that secondary nucleation, rather than primary, is more
important for the determination of lamellar thickness. In this case the relevant nucleus to
consider is a rectangular slab, one stem thick, on the surface of an existing lamellar
crystal. Figure 2.3
10
represents the secondary nucleus that has formed on the substrate of
thickness /. Note the chains exhibit folds at intervals of /. The evaluation of the lamellar
thickness was made by Lauritzen and Hoffman on the assumption that the thickness of a
chain folded strip was invariant after
nucleation. Their treatment begins by considering
the folding of a molecular strip on a substrate as the sequential addition of a series of
segments. It then seeks to find the steady state rate of transfer of segments from the melt







Figure 2.3: Schematic drawing ofa macromolecule growing on a smooth, finite substrate
with fluctuatingfold length.
Hoffmann10
defined three regimes of crystallization kinetics from the melt that
differ according to the relative rates of layer nucleation and completion. The kinetic
theories of crystallization lead naturally to predictions of the temperature dependence of
the growth rate of the crystal. The combined rates of layer nucleation and surface
completion leads naturally to an expression for the rate of advance of the crystal width.
There are three regimes, I, II and III. Regime I occurs when completion of a layer is rapid
compared to the nucleation rate so that one nucleus will suffice per strip whereas in
regime II the relative rates are reversed and multiple nucleation is observed.
11
2.2.2 Regime I
In regime I, one surface nucleus causes the completion of the entire layer of length
L as shown in the above figure. Many molecules may be required to complete L. The
term surface nucleus refers to a segment of chain sitting down on a preexisting lamellar
structure (secondary nucleus) as opposed to the nucleus that initiated the lamellae from










Where Goi is a pre-exponential factor for regime I, hm is the heat of fusion per mole of
repeat units,
Tm
is the equilibrium melting temperature of a fully extended chain
crystallite.
U* is the activation energy for steady state reptation (chain diffusion), b is the
stem width, a and oe are the side and end surface energies respectively, and r_.is the
temperature at which all the transport across the growth front ceases. It is usually 30 K
below the glass transition temperature of the polymer.
2.2.3 Regime II
In regime II, multiple surface nuclei form on a crystallizing surface before it is
completed, since the rate of nucleation is higher than the rate of crystallization of each
molecule. This is a result of larger undercooling necessary to reach regime II. As in
regime I, each molecule is assumed to fold back and forth to give adjacent re-entry. An
important parameter in this regime is the distance between two secondary nuclei growing











It is found that GoiGou, yet Gu > G/. Moreover, in contrast to growth under regime I
where the growing surface is likely to be relatively smooth, the growth front for regime II
is rough due to the multiple nucleation sites. This may lead to observable morphological
differences between crystals grown in the two regimes. Generally, however, the two















and for regime II
K'"=2bm'^j
2.2.4 Regime ID
Regime HI becomes important when the separation between two growing
secondary nuclei on
the same surface approaches the width of the stem. In this regime,
the crystallization rate is very rapid. The growth rate for regime III is given by
13
Gm nsa , where ns is the number of stems ofwidth a laid down on the gap adjacent
to the newly nucleated stem,
7* is the nucleation rate. Regime HI growth rate can still be
expressed as
U * K
Gm =Go///exP exP (9)
RCT-TJ TAT
In regime EI chains do not undergo adjacent re-entry into the lamellae but rather
have only a few folds before entering the amorphous phase. They are then free to enter
the same lamellae via a type of switchboard model, or enter the adjacent lamellae.
As the temperature is lowered through regimes I, II and HI, substrate completion rates per
chain decrease. However, since more and more nucleation sites are formed, the linear
growth rate goes through a maximum in regime DI, followed by a steady decline as the
glass transition temperature is reached.
2.3 Polymer Diluent Systems
Polymers of finite molecular weight have a "built
in"
set of impurities. Flory,
cognizant of these facts, developed a quantitative description of the semi-crystalline state
of unoriented This analysis is applicable also when the crystallites are of
non-
equilibrium size. Relying on a lattice model, he considered the general case ofN
homopolymermolecules, each comprised exactly of x repeat units, that are mixed with nj
molecules of low molecular weight species. The composition of the mixture is
characterized by the volume fraction of polymer, v2. Since the diluent will generally be
structurally different
from the polymer repeat unit, it is assumed to be excluded from the
crystal lattice.
14
The configurational properties of semi crystalline polymer are conveniently
described by using a lattice with a coordination number Z. The size of a lattice site is
chosen to accommodate one segment, the volume of the segment is chosen to be equal to
the volume of a diluent molecule. The number of repeat units is z. Definite regions in the
lattice must be reserved for occupancy of the crystallite. There are v crystallites, each
having an average length of ( repeat units and a cross section of c chains. The total
number of crystalline sequences, m, is equal to vc and m ( is the total number of chain
units which participate in the crystallization. When the configurational entropy of the
semi crystalline polymer is subtracted from the entropy of the completely disordered















In the above equation, X is the fraction of non-crystalline (amorphous) polymer and is
equal to (xN- (m)/xN. The entropy of fusion per repeat unit, ASU, is formally defined as
kz\n[(Z-l)/e]. The parameter D is defined as (Z-l)/ze. It plays a role analogous to an
interfacial free energy and can be redefined as
ln> =
RT
Vu and Vi are the molar volumes of the repeat unit and diluent respectively. The enthalpy
of fusion consists of a contribution arising from the melting of the crystallites and the
mixing of these previously
crystalline segments with the amorphous regions. The former
contribution can be expressed as CmAHu, where AHU is the enthalpy of fusion per repeat
unit. The effect of the loss of bonding that would be expected at the crystalline boundary
15
has been incorporated into the parameter D. Combining the enthalpic and entropic
contributions, the free energy change of fusion, AG/, can then be expressed as
AGf
xN













Here^; is related to the conventional thermodynamic interaction parameter^; by the
relation
X\ X
The equilibrium, or the most stable crystalline state, characterized by the equilibrium
values X = Xe\ (= (e, is obtained when AG/ assumes its maximum value. Accordingly it is






















Equation (12) indicates that the fusion range depends on the value of V2D. Hence,
the fusion range will be expected to broaden with increasing diluent concentration. The
16
equilibrium melting temperature of the polymer-diluent system, Tm, is obtained when




















m V " /
V,
(15)
Equation (15) is very similar to the classical expression for the depression of the
melting temperature in low molecular weight binary systems (i.e. the freezing point
depression equation). The only difference results from the expression for the activity of
the crystallizing polymeric component in the molten phase. Hence, equation (15) can also
be derived by applying the criteria for phase equilibrium.
According to equation (15) the depression of the melting point for a given polymer
depends on the volume fraction of the diluent in the mixture and on its thermodynamic
interaction with the polymer. Other quantities being equal, a larger depression of the
melting temperature should be observed with good solvents (smaller values ofxi*) than
for poorer ones. The depression will be larger for diluents of smaller molar volume; the
larger the value of AHU the smaller will be the expected melting point depression.
2.4 Kinetics of Crystallization (Avrami Equation)
The knowledge of the linear growth rate, G, and the primary nucleation rate, /*,
should be sufficient to calculate the overall crystallization rate, an important step in the
correlation of the experimental data with molecular models of crystal growth. Many
17
measurements of crystallization involve the macroscopic determination of crystallinity as
a function of time or temperature. Melvin Avrami was a pioneer in quantitatively
describing the macroscopic development of crystallinity in terms of the microscopic
nucleation and linear growth
rate.12'13'14
An overview of his development follows.
Let r't be the radius of the spherulite at any given time t and linear growth rate r'.
Then the volume of the spherulite, as long as the growth is not hindered by impingement
with other crystals, is given by:
v =
3
The total volume enclosed by the growing spherulites becomes
ŷV"
3
Where N is the number density of nucleation sites in the original amorphous volume V0.





Where pa and pc are the densities of the amorphous and the crystalline phases, V is the
volume of the sample, and xc is the mass fraction of crystallized material. The average
18
number of growth fronts reaching a randomly chosen point in the sample at time t is
given by:
^v
The probability, Px, that X growth fronts will be at the particular point at time t is
modeled by the Poisson distribution:
e~EEx
The probability that no nuclei traverse the point gives the probability that the material at








However, the probability that the material is crystalline (crystalline fraction) at that point
is given by
xc





In the original Avrami treatment V0 and V are not differentiated. For the homogeneous
nucleation case we have,
19
xc






Where N is the nucleation rate (nuclei/cc-sec). Hence, for the homogeneous nucleation
case we have a t dependence and for the heterogeneous case we have a
t3
dependence.
2.5. Modifications to the classical Avrami expression
2.5.1 Correction of the Avrami expression for the homogeneous crystallization case
My experimental differential scanning calorimetry (DSC) studies revealed that
there was no appreciable change in the crystallization and melting temperatures of PVDF
in PVDF/PEO blends of different compositions (refer to chapter 4 for details). However,
the PEO fraction exhibited remarkable variation in its crystallization temperature. Hence,
the modeling of PEO crystallization exotherms obtained from DSC experiments was
attempted.
For homogenous nucleation, the Avrami equation is not fully correct because the
total crystalline mass fraction becomes greater than one at large t. In addition, the
expression for the homogenous case is good only for isothermal crystallization. Since we
are trying to model the non-isothermal crystallization case, we have to rectify these
limitations. Some
authors15'16
have given modified Avrami expressions. However, we
have chosen a slightly different way of doing this. The development is as follows.






Where the linear growth rate
r'
is a function of T. Now we need to account for the
volume already occupied by the spherulites that have previously grown. This volume is
no longer a source of nucleation. If Vo is the total sample volume at the beginning of the







is the homogeneous nucleation rate per available volume (V0 - vc). Once again,
the probability of amorphous material at a

















Here, all the symbols have the same meaning as
given before.
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Equation (21) for xc is called a non-linear integral Volterra Equation. There is no
known analytical solution to this (at least I am not aware of its existence). Hence, we
have solved the problem numerically. The equation was solved by using a
Newton-
Raphson method with an initial guess value for the volume given by the exponent of
equation (18). The function converges in two trials and is shown in figure 2.4.
DSC Homogeneous Crystallization (Non Linear Volterra Integration)
xc(1) xc(guess) xc(2) dxc/dt
Figure 2.4: Homogenous crystallization (non-linear Volterra integration)
Figure 2.5 shows the growth rates for PEO under heterogeneous and homogeneous
crystallization conditions MW = 35,000 g/mol. A nucleation density of 1.8 x
IO4
/cc was
used for the heterogeneous nucleation. It is evident from the graph that heterogeneous
crystallization peaks at a higher temperature than that for homogenous crystallization,






Crystallization Growth Rates for PEO
Mx = 35,000 g/mol
OOE-07
F/gwre 2.5: Crystallization ratesfor PEO, MW = 35,000 g/mol
The extended volume for heterogeneous case when plotted against temperature
peaks at ~44C, by using equation (17). When equation (22) is substituted in equation
(16) (extended volume for homogeneous case) and the latter is plotted as a
function of
temperature it peaks at ~19C, assuming
AG* = 1 erg and C
= 2xl013.
2.5.2. Finite Sample Size
The original Avrami equation does not take into account the finite thickness of a
DSC sample. Since heterogeneous nucleation is more prevelant that homogeneous
nucleation, the following 'Time
Cone'
method was developed to handle the problem of
finite sample size for the heterogeneous case.
Consider a film of thickness <f and infinite length. Spherulites
grow in this film at the
radial growth rate of r
'
to a radius R at time /. According to equation (16) the amorphous




Where Ofrj is the volume fraction of the extended volume.
If nucleation starts at a point x', then the point x will be transformed (crystallized)







> 0 . Here R(t, r) takes the role of the
spherulites radius. The "time
cone"
is the set of all points (x, t) that make the inequality
true.
Figure 2.6: Schematic representation ofgrowing spherulites in a semi-infinite film of
thickness
Depending on the position of the nucleus in the film, and its
relative size before
impingement, two general cases could be imagined.
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Case I.
Edge of the film
In the figure above, the spherulite with a nucleus at P has a radius R and exhibits a
distance z from the nucleation center to the edge of the film. In order to get the actual
crystallizing mass fraction we need to subtract the volume of the spherulite that lies
outside the film.
The volume of the region external to the film is
S=-7r(R-z)[3(R2-z2) + (R-z)2]
6









The volume of the region in the film is
S'





















-[4R3-3R2 + z3+(-z)3}. (26)
Case I and case II give the volume of the spherulite that actually grows within the
film of thickness <fdepending on the relative size and position of the spherulite within the
film. To determine the exact crystalline mass fraction we need to subtract the volume of
the region outside the edge of the film from the crystallizing volume. Ideally, this could
be done by expressing volume as a continuous function of z and then integrating it with
respect to z- However it is difficult to arrive at such an expression. In order to tackle this
problem, we made use of 'Simpson's
Rule'
as an approximation for the integral.
Consider nucleation at the five critical points where z takes on values of 0, lAg, Vi <f, %cf
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and By symmetry cases for z = Vi^and z = 3/.are identical and cases for z = 0 and z
are identical. Therefore, we only need to evaluate O(r) at three points.
At the surface i.e. z = <f and z = 0
























































The modifications suggested, in 2.5.1 and 2.5.2, were used for modeling of the
PEO exotherms obtained from DSC runs. Parameters used for the temperature
dependence of r\T) were obtained from S.
Z.D.Cheng's4
paper. These are listed in the
Table 2.1. The expression for r\T)
- G{T) used by Cheng is slightly different than










In equation (32) the average link number, nz, is a measure of flexibility of the polymer
chain. It is the number if flexible bonds in the polymer molecule based on its z-average
molecular weight. Z is used as a fitting parameter. It has units of velocity per unit
temperature.
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The origin of the remaining parameters remains the same as for equation (8).
z 1.96E+10cm/s-K
Nz 4545.45
u* = 27,000 J/mol












Tm = 346.98 K
k = 1.38E-23J/K




3.1 Choice of Compatibilizer
The thermodynamics of blends of PEO with Poly (vinyl acetate) (PVAc) was
studied by Chen Xue18, et al in 1998. They reported that the interaction parameter for the
PEO with atactic PVAc is negative, as is the excess volume of mixing. Both interaction
parameter, %, and the free volume on mixing increased with increasing PEO content and
1 __
temperature. Similarly studies carried out by Koenig in 1991 show that PVDF and
PVAc are miscible with each other at all
compositions.19
In our study, PVAc was blended
with PEO and PVDF separately in a 1:1 proportion. It was seen from DSC thermograms
that the degree of supercooling for PEO and PVDF crystallization increased, and the %
crystallinity for both the blends was reduced (refer to Chapter
4 for details). Therefore it
was presumed that PVAc is partly miscible with both PEO and PVDF, hence was a good
candidate as a physical compatibilizer for the PVDF/PEO system.
3.2 Materials
Unfractionated samples of PEO, PVAc and PVDF were obtained from
Polysciences, Inc. Structures for polymers are given in figure 3.1. PEO samples having
number average molecular weights of 35,000, 100,000 and 300,000 g/mol were used.
PVDF had a molecular weight of 100,000 g/mol. The PVAc sample indicated "high
molecular weight", the exact molecular weight was
not determined. The solvents,















Figure3.1: Chemical structures ofPolymers.
3.3 Sample Preparation
All the blends (compatibilized and un-compatibilized) were prepared by
dissolving the polymers in cyclohexanone at 95C for 30 minutes. The proportion of
polymer to solvent was 3:97 by weight. The solution was then precipitated in cold
hexane. The precipitate was separated using vacuum filtration. The samples were then
dried in a vacuum oven at 120C for 24 hours, to get rid of residual solvent. The
complete removal of solvent was confirmed by using thermogravimertic analysis (TGA)
- TA Instruments 2050 TGA. The table lists the blend compositions that were prepared
























Table 3.1: List ofblend compatibilized
and uncompatibilized samples with their
compositions andmolecular weights.
3.4 Differential Scanning Calorimetry (DSC)
DSC can investigate thermal properties and phase transitions ofmaterials. The
instrument signal is proportional to the specific heat of the sample. Figure 3.2 shows
the
schematic of the DSC design.
There are separate positions for both sample and reference, and associated
with
each are individual heating elements as well as temperature measuring devices, usually
thermistors. The furnace is surrounded by a manifold that enables a refrigerant (usually





Figure 3.2: Schematic ofDSC cell.
The sample and reference cells are maintained at the same temperature using a
feedback control system. During a thermal transition the power requirements to maintain
the temperature varies. As the sample temperature deviates infinitesimally from the
reference temperature, the device detects it and reduces the heat input to one cell while
adding heat to the other, so as to
maintain a zero temperature difference between the
sample and reference pans, establishing a "null
balance".20
The quantity of electrical
energy per unit time which
must be supplied to the heating elements (over and above the
normal thermal schedule), in order to maintain this null balance, is assumed to be
proportional to the heat released per unit time (absorbed) by the sample. The DSC has
two control cycle portions. One portion strives to maintain the null balance between the
sample and reference, while the other strives to keep the average of the sample and the
reference temperature to the set point. These processes switch back and forth quickly so
as to maintain both simultaneously.
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Our study used a TA Instruments DSC 2010. Crystallization temperature, melting
temperature, enthalpy ofmelting, % crystallinity are some of the properties that could be
measured by this instrument. This DSC 2010 actually operates on the Differential
Thermal Analysis (DTA) principle, where the single heating element is used (heat flux
DSC). A calibration constant within the computer software (determined using standard
materials such as Indium in this case) converts the amplified differential thermocouple
voltage to energy per unit time, which in turn is plotted on the y-axis of the instrument
output.
Sample size was maintained between 4-8 mg. Samples were heated at a rate of
10C/min; however, three different cooling rates were employed: 2, 10 and 20C/min., in
the temperature range of -50C to 220C. Blend samples were nm in a heat-cool-heat
cycle. The first heat run was neglected during analysis to prevent the influence of thermal
history of the sample on the analysis. The DSC was equipped with a liquid nitrogen
cooling system; dry nitrogen, at the flow rate of 50ml/min was used as a purge gas.
3.5 Optical Microscopy
Optical microscopy in conjunction with a hot stage is a useful instrument for
studying crystallization behavior, domain size and low and high temperature phase
behavior. A Nikon G 600 POL polarizing microscope equipped with an Instec SCS-2300
hot-stage was used to measure the domain size, crystallization behavior and high
temperature phase behavior of the PVDF/PEO blends.
In order to obtain a contrast between PEO domains and the PVDF matrix, a
fluorescing dye was blended with the polymers in very small proportions. The dye used
for this purpose was a fluorescein labeled low molecular weight PEG (Poly (ethylene
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glycol)). The labeled PEG was prepared by reacting lgm PEG with 3% by weight excess
of fluorescein in 1-butanol using aluminum trichloride as a catalyst. The reaction was
carried out at 40C for 1 hour. The PEG was then precipitated and blended with the
PVDF/PEO mixture in cyclohexanone. The solution was then precipitated in cold hexane.
It was filtered, then dried in a vacuum oven at 120C for 24 hours.
Fluorescein
Figure 3.3: Chemical structure ofFluorescein.
Molecular weight of amine terminated PEG used for the reaction wasl500 g/mol.
Every molecule has two chain ends meaning two potentially reactive sites. Hence, every
molecule of PEG could react with two molecules of fluorescein (MW = 380 g/mol). For
complete reaction of every gram of PEG, 0.51 g of fluorescein was required.
To examine the high temperature phase behavior in these blends films were
maintained in the hot stage at 200C for 20 minutes and were photographed at 100X
magnification in the reflectance mode. Crossed polars in transmission mode were used to
examine the crystallization behavior of PEO. Samples were heated to 200C and
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maintained at that temperature for 5 minutes. After this they were cooled at 10C/min,
and images were captured every 5 seconds. The image subtract tool was used to study the
growth and domain size of the resulting crystals.
3.6 Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transform Infrared Spectroscopy (FTIR) is an analytical technique used
to identify organic and inorganic materials. This technique measures the absorption of
various bands of infrared light by the material of interest. These infrared absorption bands
identify specific molecular structures and components. In the mid-infrared, absorption of
radiation is related to fundamental vibrations of the chemical bonds. Internal reflection
spectrometry provides information related to the presence or absence of specific
functional groups, as well as the chemical structure of polymers. Absorption bands are
assigned to functional groups (e.g., C=0 stretch and C-H bend). Shifts in the frequency
of absorption bands and changes in relative band intensities indicate changes in the
chemical structure or changes in the environment around the polymer chains.
FTIR is an important characterization technique used for polymers to understand
blend compositions, monomer ratios in copolymers, crystal purity and the chemical
environment ofmolecules. The Biorad Excalibur Series FTS 3000 was used for our
analysis. A horizontal attenuated total reflectance (HATR) set up was used. In this
configuration the sample is pressed against an internal reflection element (IRE) (e.g., zinc
selenide (ZnSe), germanium (Ge), or diamond). IR radiation is focused onto the edge of
the IRE. Light enters the IRE and reflects down the length of the crystal. At each
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internal reflection, the IR radiation actually penetrates a short distance (~1 p.m) from the
surface of the IRE into the polymer film. It is this unique physical phenomenon that
enables one to obtain infrared spectra of samples placed in contact with the IRE. The
HATR used in these studies was a single reflection diamond anvil (Pike). Diamond has a
refractive index of 2.4 in the IR. This is larger than that of the polymer samples.







where, A = wavelength, n} = refractive index of the polymer
Blends that were prepared by solution precipitation and dried in the oven were
pressed into tablets by using a compression press. These tablets were
then compressed at
10kg load at 200C for 5 minutes to get
films/thin sheets of the blends. A small piece was
cut from these films and pressed onto the diamond crystal at
a dial pressure of 20 units




4.1 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry was used to investigate the crystallization and
melting behavior at different cooling rates for both compatibilized and un-compatibilized
blends at different concentrations and molecular weights of PEO. Figure 4.1 represents
the DSC thermogram collected for pure PVDF (crystallization (up-peak) precedes
melting (down peak)) having a molecular weight of 100,000 g/mol. The sample was
heated and cooled at a 10C/min rate. It exhibits a melting peak temperature of 171.40C
and a crystallization temperature of 133.56C. The heat of fusion was 42.54 J/g. 100%














Universal V2.5H TA Instruments
Figure 4.1 DSC thermogramforpure PVDF sample.
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Figure 4.2 shows a similar thermogram for pure PEO having a molecular weight
of 100,000 g/mol. As seen from the figure it has a peak melting temperature of 65.27C
and a crystallization temperature of44.12C. The latent heat of fusion of this particular
sample was 130J/g, while that of 100% crystalline PEO is 215.7 J/g, thus indicating that
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Figure 4.2DSC thermogramforpure PEO sampleMW 100,000 g/mol.
Figures 4.3 to 4.5 show overlay plots ofDSC thermograms for a PVDF/PEO
blends at different concentrations of the blend. Figure 4.3, 4.4 and 4.5 correspond to PEO
of 35,000, 100,000 and 300,000 g/mol, respectively. The
crystallization temperature for
PEO in the blend was consistently lower than that of the pure
component. Almost all
thermograms show two crystallization peaks at increasing PEO concentration (roughly
over 10%), one appearing approximately around 40C and the other relatively
broader
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peak around 0C. The PVDF melting peaks, however, do not show any appreciable
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Figure 4.3 DSC overlayfor PVdF/PEO blend
samples at different compositions, MW
PEO = 35,000 g/mol. Solid curve represents 70:30 PVDF.PEO
composition. Dashed
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Figure 4.4 DSC overlayfor uncompatibilized blend samples, MWPEO
= 100,000 g/mol.
Solid curve represents 70:30 PVDF.PEO composition. Dashed curve represents 80:20
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Figure 4.5DSC overlayfor uncompatibilized blend samples, PEOMW
- 300, 000 g/mol.
Solid curve represents 70:30 PVDF.PEO composition. Dashed curve represents 80:20
PVDF.PEO composition. Dash-dot curve represents 90:10 PVDF.PEO composition.
Figure 4.6 is a thermogram for a PVDF/PEO blend sample at 9:1 ratio by weight
respectively, MW of PEO is 35,000 g/mol. The peak crystallization temperatures for
PVDF and PEO are 136.28C and -2.14C respectively. Notice the appearance of a
'hump'
in the baseline of the cooling curve (top) around 35-40C. As the concentration
PEO increases there appears to be a well-defined peak at 41C. This observation is true
for all the other molecular weights ofPEO. Moreover the second peak appearing around
0C shifts to a higher temperature and the area under this peak increases with increasing
% PEO in the blend sample.
Table 4. 1 gives the values for crystallization temperatures for the various blend
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PVdFPEO901035K 35 10 2.84
PVdFPEO802035K 35 20 47.34 2.91
PVdFPEO703035K 35 30 45.32 6.03
PVdFPEO9010100K 100 10 1.38
PVdFPEO8020100K 100 20 44.11 3.49
PVdFPEO7030100K 100 30 44.14 5.21
PVdFPEO9010300K 300 10 1.97
PVdFPEO8020300K 300 20 44.84 2.78
PVdFPEO7030300K 300 30 45.10 3.88
Table 4.1: Crystallization temperaturesfor blend samples at differentmolecularweights
and concentrations.
43
As can be seen from figures 4.3 - 4.5, the melting and crystallization temperature for the
PVDF phase in the blends was generally unaffected. It was roughly 134C for all the
blend samples prepared without compatibilizer.
As mentioned in chapter 3, compatibilized blends of PVDF and PEO with PVAc
as a compatibilizer were also studied. Figure 4.7 shows a thermogram for a 50/50 blend
of PEO (MW 100,000 g/mol) and PVAc (high molecular weight). The blend was
prepared by the described solution technique. The sample shows a very broad
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Figure 4. 7 DSCfor 50/50 blend ofPEO (MW 100, 000 g/mol) andPVAc.
The melting endotherm is also broader
than that for pure PEO having a peak
melting temperature of 62C. The
crystallization peak occurs at 26C, while that of pure
PEO is 44.28C. The latent heat ofmelting drops to 14.42 J/g as opposed to 146 J/g for
the pure component, suggesting a considerable decrease in the degree of crystallinity of
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the sample (13.4 %). Figure 4.8 represents the DSC scan for a 50/50 blend ofPVDF and
PVAc prepared by the same technique. Here again the crystallization exotherm broadens
ranging from 1 15C to 70C. The same is true for the melting endotherm. The enthalpy
of fusion falls to 20.34 J/g making the sample 39 % crystalline based on PVDF content.
The crystallization peak occurs at 100.7C (pure component = 133.56C). The melting
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Figure 4.8DSC thermogramfor 50/50 blend ofPVDF andPVAc.








The solubility parameters and the DSC thermograms suggest that PVAc is more miscible
with PEO than with PVDF. Equation (15) in chapter 2 suggests that the depression of the
melting point is inversely proportional to the interaction parameter %*. A smaller
difference in the solubility parameters leads to a lower is the value of
%*
and greater
extent ofmiscibility between polymers. This in turn, leads to a greater depression of the
melting point. Several concentrations of PVAc were tried in the PVDF/PEO (PEO MW
100,000 g/mol) blends were prepared and measured by DSC. PVAc, if present at over
12% by weight of PEO in the blend destroys the crystallinity of PEO entirely. Hence, for
all the studies of the compatibilized blends the composition of the compatibilizer was
kept at 10% byweight of PEO.
Figure 4.9 shows a thermogram for a compatibilized PVDF/PEO/PVAc blend
sample with a 9:1 PVDF/PEO ratio having PEO MW 35,000 g/mol. There is an increased
degree of supercooling as compared to the
uncompatibilized counterpart, and the latent
heat ofmelting is also reduced (see figure 4.6
for comparison). The same held true for the
case of 20% and 30% PEO. The PEO MW100,000 g/mol compatibilized samples showed
























Figure 4.9DSCfor compatibilizedPVDF/PEO (9:1) blend, MWPEO = 35,000 g/mol.
Figure 4.10 shows a thermogram for a 9:1 compatibilized sample with 300,000
g/mol PEO. There is absolutely no crystallization seen for PEO. Figures 4. 1 1 and 4. 12
show that for same molecular weight at 20% and 30% PEO there is only one
crystallization exotherm and the crystallization temperatures are -10.9C and -21C,
respectively.
In all the compatibilized samples there is no appreciable change in the melting or
crystallization temperature ofPVDF. The latent heat of fusion and thence the %
crystallinity for both PEO and PVDF is
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35 10 40.3 40.4 17.5(81) 20.7 (95.8)
35 20 37.2 37.9 27.4 (63.4) 32.3 (74.8)
35 30 31 32.7 43.6 (67.3) 45 (69.4)
100 10 40.3 41.9 10.8 (50) 10.9(50.5)
100 20 36 36.1 9.2(21.3) 24.9 (57.6)
100 30 27.7 32 13.9(21.5) 39.9(61.6)
300 10 42.5 45.4 11.1(51.4)
300 20 37.2 38 5.2(12) 22.8 (52.8)
300 30 31 32 7.5(11.6) 35 (54)
Table 4.3: Heat offusionforPVDF andPEO at different blend compositionsfor
compatibilized and uncompatibilized samples; values in the bracket show % crystallinity
(normalized).
49
From the DSC results it is evident that the compatibilizer locates itself at the
interface between the PEO domains and the PVDF matrix. The effect is more pronounced
in PEO domains than in the PVDF matrix. Moreover, increasing the molecular weight of
the PEO leads to a decrease in the degree of crystallinity of the PEO phase at the same
compatibilizer concentration. It could be concluded from the DSC studies that as the
concentration of PEO in the blend system increases there seem to be two distinct
temperature intervals during which crystallization takes place; ~ 44C and ~ 0 C. Also
PEO MW = 300,000 g/mol seems to be less miscible with PVDF than PEO MW 35,000
g/mol, as seen by comparing the latent heat of fusion data for 9:1 blends for the
uncompatibilized systems.
4.2 Optical Microscopy
The PVDF/ PEO blends were examined as thin films using an optical microscope
at lOOx magnification with cross polars. There were two distinct temperature intervals
during which PEO crystallization was seen, one around 45C and the other around 2C.
The relative abundance of crystallites appearing at 45C increasedwith increasing wt%
PEO. This was also observed in the DSC thermograms. The PEO domain size
distribution was essentially bimodal for the un-compatibilized blends. The larger domains
had an average size of -100 microns and the smaller domains had a size of -10 microns.
Invariably the larger domains nucleated and crystallized at 45C and the smaller domains
nucleated and crystallized at ~2C. Characteristically, the nucleation of the dispersed
phase that took place around 45C was sporadic and the growth was initiated randomly
within the domain or at the interface. The low temperature nucleation within the smaller
domains appeared to occur instantaneously.
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Blends containing 10wt% PEO exhibited a large sample-to-sample variation and
it was difficult to locate or identify PEO crystallization. Figure 4. 13 shows a series of
micrographs for a 30wt%, MW = 100,000 g/mol PEO blend.
Figure 4.13 Opticalmicrographs ofPVDF/PEO (7:3) blends, PEO MW 100,000 at 65 XJ
(A), 41.3C (B), 43.7X?(C) and -8.5C (D) at lOOx magnification.
The sample was heated to 200C and was maintained at that temperature for 5 minutes. It
was then quench cooled to 65C, followed by cooling at the rate of 10C/min to -25C.
PVDF crystallized very rapidly. One could see the
formation of tight banded spherulites
of a-form even after quench cooling the sample to 65C. To
separate PEO and PVDF
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crystallites, the digital camera was set up to take images of the PEO crystallization at 4
second interval. All the images were then 'subtracted' from the image taken at 65C, thus
revealing only the PEO crystallization.
The PEO phase starts to crystallize at ~40C, as indicated by bright domains of
-100 microns in diameter. As mentioned earlier, the domains were nucleated sporadically
and sometimes the growth was initiated at the interface and other times within the
domains. There is a slight mismatch between the temperatures for the crystallization
between DSC and optical microscope studies, the effect may be attributed to different
data manipulation techniques used in the instruments and the sample containers; glass
slides for microscopy as opposed to aluminum pans for DSC. Once the crystallization of
the
'big'
domains is complete the intensity profile or the histogram for the system did not
change for almost 15C. As the system temperature decreased below 0C numerous
bright spots appeared, approximately 10 micron in diameter. Their growth was very rapid
once the domain was nucleated. However, the time interval over which they were
nucleated was longer than that for the larger domains. This can be seen as the broader
crystallization II peaks on the DSC thermograms.
Figure 4.14 shows micrographs with for the compatibilized 70:30 blend taken
under the same conditions as that ofFigure 4.13. The domain size distribution is no
longer bimodal and the average size of the domains is reduced to approximately 60
microns. The overall intensity in these micrographs is reduced relative to its
uncompatibilized counterpart, suggesting a reduction in the PEO crystal fraction.
Crystallization started at 15C and proceeded continuously until -12C. Spherulites
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having relatively larger sizes started to appear at 15C and as the crystallization proceeds
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Figure 4.14 Optical micrographs ofPVDF/PEO (7:3) compatibilized blends, PEO MW
1 00,OOOg/mol at 60C(A), 24.4 C(B), 7C(B) and -9. 1 C(D) at 1 OOx magnification.
Optical micrographs were taken of a 8:2 blend that had been doped with the
fluorescing probe to observe the high temperature phase behavior of the blend. Samples
were heated to 220C and maintained at that temperature for 20 minutes. It was observed
that the PEO domains appeared as bright drops suspended in the PVDF melt. There was
no apparent mobility of these domains, probably due to the high viscosity of the PVDF
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melt. It was confirmed that the PEO domain crystallized in the same spot where they had
melted. From this we could ascertain that PEO and PVDF were only partially miscible, if
at all.
There seems to be a strong correlation between domain size and crystallization
temperature. Additionally, the growth of the crystals in the small domains was nearly
instantaneous once the domain was nucleated. A possible explanation follows. As the wt
% PEO increases in the blend, it forms a separate phase, which crystallizes sporadically.
Since PVDF crystallization is completed before that of PEO, some PEO along with
impurities, get trappedwithin the PVDF spherulites. These smaller domains of PEO
crystallize at a lower temperature. The crystallization II exotherm seen in the DSC most
likely represents a distribution of activation energies for nucleation of these small
domains rather the growth exotherm to which we can apply the model ofChapter 2.
4.3 Fourier Transform Infrared Spectroscopy
Spectroscopic methods are particularly useful in characterizing the degree of
segregation and microstructural changes induced by blending. According to a quantitative
IR study carried out by Straka, J. et al (1995) focused blends ofPEO with Poly(methyl
methacrylate), only a negligible amount crystalline order was observed for PEO rich
domains when the weight % of PEO was less than
30.21
Their inferences were based on
IR and solid state NMR measurements of these blends. This study revealed the IR bands
characteristic of crystallinity in PEO appear at 843, 948, 964, 1115, 1343, and 1360 cm"1.
The 800-1000
cm"1





Our optical microscopy and DSC studies have shown that there is no considerable
effect on PVDF crystallization or melting when blended with PEO. Therefore to
qualitatively compare the compatibilized and uncompatibilized blends it was assumed
that subtracting the pure PVDF spectrum from the compatibilized and uncompatibilized
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Figure 4.15 HATR-FTIR Spectrum ofapure PVDFfilm sample.
Figure 4.15 gives a HATR-FTIR spectrum for a pure PVDF sample in the
absorbance mode. Figure 4.16 and 4.17 are spectra of samples containing 30% PEO, MW
35,000 g/mol for uncompatibilized and compatibilized blends, respectively. The
distinctive carbonyl stretch for PVAc (C=0) occurs at 1735 cm"1. However since its
concentration in the blend is very small we are unable to see it
on the spectrum of the
compatibilized blend. Hence, it would be appropriate to say that the changes occurring in
the peaks for these spectra are not directly attributed to PVAc; rather, they are due to
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Figure 4.17 HATR-FTIR spectrumfor compatibilized
PVDF/PEO (7:3) sample, PEO
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Figure 4.18 Spectra obtained by digitally subtracting the spectra infigure 15from that in
figure 16.
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Figure 4.19 Image obtained by digitally subtracting the spectra infigure 15from that in
figure 1 7.
Figures 4.18 and 4.19 are the difference spectra for the uncompatibilized and
compatibilized samples. The peak at 1725
cm"1
corresponds to crystal vibrations (i.e.
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phonons).21
The area under this peak reduces from 2.170 units to 1.809 units (16.64%
reduction) suggesting a decrease in the crystallinity of the PEO upon compatibilization.
This is in agreement with the DSC and optical micrograph results.
4.4 Modeling ofDSC exotherms
The model for DSC exotherms was introduced in Chapter 2. Figure 4.20 shows a
comparison of the model results to DSC data for the pure PEO sample having MW =
35,000 g/mol. The model fit incorporates the modifications developed in Chapter 2 for a
semi-infinite film. The thickness of the film was calculated based on the mass in the
sample pan, inner diameter of the sample pan and crystalline density of PEO.
Model v/s DSC data for PEO 35,000 MW
20 40 60
Temp (oC)
Figure 4.20 Model v/s DSC datafor PEOMW 35,000 g/mol.
Table 4.4 list the adjustable parameters used to generate the fit. The fit between the data
and the model is seen to be very good. However, this model does not work well for
crystallization of PEO in the blend systems. By carefully adjusting parameters such as Kg
and Enwe can match the crystallization peak temperatures of the model with that of the
actual data obtained from DSC for the blend samples, but the peak height and the shape
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simply do not match. This can be explained as follows. Microscopy studies along with
DSC thermograms suggest that there is a strong correlation between the crystallization
temperature and the domain size of the crystallizing PEO fraction. The smaller domains
required an increased degree of supercooling for nucleation. As the nucleation
temperature decreases the rate of crystallization appeared to increase, making it seem
almost instantaneous. The model needs to be changed to account for finite domain size of
the crystallizing element as well as the domain size distribution of the discontinuous
phase. Experience has shown us that it is very difficult to measure the size distribution of
these PEO domains. Extensive experimentation and sophisticated image analysis
software would be required to provide a distribution to place into themodel.
Additionally, one can still not be assured of getting a good fit between the model and the
data as there we have observed sample-to-sample variation. Due to the above limitations
these studies were not pursued further.
n 4545.45 (for 35,000 g/mol MW PEO)
Et, 27000 J/mol
TJ. oo 176 K

















The objective of this thesis was to investigate compatibilized and
uncompatibilized blends of PVDF and PEO. All the studies were done for systems having
PVDF as a continuous phase and PEO as a dispersed phase. An attempt to measure the
morphology, determine the high temperature phase behavior, model the crystallization
exotherm/s for the minor phase, and determine the influence of compatibilizer on the
system was made.
DSC thermograms gave an insight into the low temperature phase behavior along
with the crystallization behavior of the blend systems. It was also instrumental in the
thermal characterization of the polymers and for understanding the effect of
compatibilizer. The crystallization behavior of PVDF seemed unchanged upon blending
with PEO for both compatibilized and uncompatibilized systems. PEO, however showed
a significant depression in its crystallization temperature when blended with PVDF.
When present in concentrations of lower than 20%, only one crystallization peak was
observed for PEO. The crystallization temperatures of roughly 3C for the
uncompatibilized blends were measured. Moreover as the weight % of PEO increased in
the blend this crystallization temperature also increased, for blends containing 30% by
weight PEO, crystallization temperatures of about 6C were recorded for all molecular
weights. As the concentration of PEO increased above 10%, two distinct crystallization
peaks were observed. The peak occurring at higher temperatures was roughly
around
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44C (almost similar to the pure PEO crystallization temperature) and the other occurred
at a much lower temperature.
Optical microscopy revealed that at lower concentrations, PEO, is segregated into
domains that are -10 micron in diameter. These domains nucleate at very low
temperatures, yet grow nearly instantaneously once nucleated. As the concentration of
PEO increases, somewhere between 10 to 20 wt %, larger PEO domains of about 100
micron size are formed that crystallize a temperature close to that of pure PEO.
The bimodal domain-size distribution can be understood in the context of PVDF
crystallization. Crystallization of PVDF is complete at around 130C, at lower
concentrations PEO, it and other impurities get excluded from the growing PVDF
lamellae and become locked in PVDF spherulites. At higher PEO concentrations, in
addition to the small PEO domains formed as inclusions in PVDF domains, residual PEO
also forms its own bulk phase. The latter crystallizes at a temperature close to that of pure
PEO.
The studies on PVDF/PEO/PVAc blends revealed that PVAc acts as a diluent for
the PEO phase. There was no appreciable change in the crystallization behavior of
PVDF. The compatibilizer increased the degree of supercooling for PEO crystallization
and reduced the size of the PEO domains to an average of about 60 microns. Hence, it
could be inferred that the PVAc localized itself at the interface between PVDF and PEO
domains. In addition PVAc reduced the total crystallinity of the PEO fraction.
Fluorescein-labeled PEG dye was used to obtain a contrast between the two
polymers. When observed in reflectance mode under the microscope at 220C, PEO
remained suspended within the PVDF matrix, there was no bulk movement of the PEO
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'droplets'. This could be attributed to high viscosity of the PVDF melt and demonstrates
the incompatibility of the two polymers in the molten state.
FTIR-HATR studies confirmed the reduction in PEO crystallinity. The peak
corresponding to the crystal vibrations of PEO showed significant reduction in the
compatibilized samples. This was observed for all molecular weights.
A model based on modifying the Avrami equation to handle samples of finite
thickness was developed. The model was shown to work well for DSC exotherms of pure
PEO. However, the model failed to fit the crystallization exotherm for PEO in a blend.
The probable cause for this could be understood from the DSC and microscopy studies.
As seen under the microscope, the smaller PEO domains nucleate at different times, yet
grow nearly instantaneously. Hence, the crystallization peak seen on the DSC
thermograms is really caused by a distribution of nucleation times, rather than the
kinetics of crystallization. The present model does not take into account the domain size
of the crystallites. Further investigations regarding the domain size distribution and
modifications in the existing model to account for domain size must be undertaken to
obtain a good fit between actual data and model prediction.
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